Abstract. Developments of tetrahedral amorphous carbon (ta-C) films having low residual compressive stress are essential to extend the applicability of the films. The annealing of the ta-C films was known to be an effective way for the reduction the stress of the films. However, the effects of annealing on the atomic structure of ta-C films have not been fully understood. The atomic structure changes by the annealing were studied using molecular dynamics simulation. The simulation showed that the annealing caused an increase of the atomic volume of ta-C film, which explained the stress reduction partially. However, the tendency of the stress reduction was different to high and low stress films. The annealing substantially reduced the stresses of high stress films compared to those of low stress films. Atomic structure analysis showed that the reason for the asymmetric stress reduction resulted from the relaxation of highly distorted bonds that existed in as-deposited films.
Introduction
Amorphous carbon thin films are one of the widely used materials for industrial applications due to their superior optical, physical, and chemical properties. Among the various films, tetrahedral amorphous carbon (ta-C) films have attracted much attention because they have high sp 3 fraction, high hardness (60-90 GPa), and good optical transparency, which are comparable to those of the crystalline diamond. Moreover, ta-C films are expected to satisfy current industrial requirements of ultra-thin films less than 10 nm in thickness with excellent mechanical properties. For successful application of the ta-C films, however, some technical limitations should be overcome. One of the most significant problems is the high residual compressive stress of the ta-C film ranging from 6 to 20 GPa, which can deteriorate the adhesion between the film and the substrate. [1, 2] Therefore, vast efforts have been devoted to reduce the residual stress as well as improving the mechanical and physical properties of ta-C films. [3] [4] [5] [6] Several groups have reported that the residual stress could be reduced by thermal annealing [1, 7] but, the detailed mechanism of the reduction of the stress has not been fully understood. Ferrari et al. [1] studied the reduction behavior of the residual stress of ta-C films with the variation of the annealing temperature and obtained low residual stress films maintaining high hardness when the annealing temperatures were between 600 ~ 700 o C. Tay et al. [7] compared two different annealing methods; rapid thermal annealing (RTA) and conventional furnace annealing (CFA). They concluded that the RTA was better than CFA in the viewpoint of maintaining the atomic structure of ta-C films. However, it is very difficult to explain the effects of annealing on the atomic structure of ta-C films and on the reduction of residual stress with experimental methods since ta-C films is structureless.
Atomistic simulations using molecular dynamics offer an alternative way to study the effects of annealing temperature on the atomic structure of ta-C films. Recently, Lee et al [8] studied the effects of deposition energy on the residual stress of ta-C films and successfully explained the residual stress was originated from the formation of meta-stable bond between carbon atoms. This study focused on the effects of annealing on the atomic structure of ta-C films using molecular dynamics simulation.
Calculation Procedure
To simulate the depositions and structural evolutions of amorphous carbon films, we used the three body empirical potential for carbon suggested by Tersoff. [9] The amorphous carbon films were produced on a diamond (001) surface by the bombardment of 2000 neutral carbon atoms of various incident energies. The incident kinetic energy of carbon atoms was varied from 10 to 300 eV. A 6a 0 c6a 0 c5a 0 (here, a 0 is equilibrium lattice constant of bulk diamond) diamond crystal slab composed of 1512 carbon atoms was used as the substrate. All substrates were equilibrated at 300 K for 0.5 ps (picosecond). Deposited atoms were bombarded on the substrate at normal angle with respect to the surface plane. Horizontal position of the incident atom was randomly selected at the distance of 4.63 nm from the substrate surface. The time interval between two consecutive atoms hitting the substrate was fixed at 0.5 ps., resulting in the ion flux of approximately 0.2c10 30 /m 2 s. Temperature of the substrate was rescaled to 300 K after the atomic rearrangement caused by the bombardment of carbon was finished. The carbon flux in this simulation was unrealistically high by reducing the interval between the bombarding events that are very rare in real deposition condition. However, the temperature rescaling method could prevent the substrate heating. The time interval was selected to be larger than the sum of the time required to relax the atomic structure and that for rescaling the temperature. We applied periodic boundary conditions parallel to the diamond (001) surface. The atomic position of bottom one layer was fixed to simulate the bulk substrate. All other atoms in the substrate were allowed to move freely. The time steps were exponentially decreased from 0.4 to 0.155 fs while increasing the kinetic energy of incident carbon atom from 10 to 300 eV. After making ta-C films, the annealing simulation was performed. The annealing simulation was composed of three stages. The first stage was a heat-up process. The ta-C films were heated up to 1000 K with 2.4 fs (femtosecond)/K of heating rate. Secondly, the films were annealed at 1000 K for 1.5 ns (nanosecond). Then the films were cooled down to 300 K with 0.24 fs/K of cooling rate. The structures of annealed films were compared to those of as-deposited films. The used methods for analyzing atomic structures of ta-C films were the radial distribution function (RDF), sp 3 bond ratio, and residual stress.
Results and Discussion
Residual Stress and Hardness. Residual compressive stresses with various incident energies of deposited atoms before and after the annealing are shown in Fig. 1 . The black squares and red circles represent as-deposited and 1000 K annealed films, respectively. Before the annealing, maximum residual stress of 27.5 GPa was obtained when the deposition energy was 100 eV, which is closed to the earlier calculation. [8] After annealing the samples at 1000 K for 1.5 ns, the residual stresses were reduced for all films. However the extent of reduction of the residual stress was substantial for films made from high incident energy having high compressive stresses, which ranges from 50 to 300 eV. While films made from low deposition energy from 10 to 25 eV showed 1.1 to 4.6 GPa of the stress reduction, films with high energy showed 8.5 to 10 GPa of stress reduction. The largest stress reduction was obtained for the film made from 100 eV of deposition energy, which showed the largest stress before annealing. Fig. 2 showed the changes of sp 3 bond ratio in ta-C films before and after annealing. The black squares and red circles correspond to as-deposited and 1000 K annealed films, respectively. Bond ratio change was highest at the film from 10 eV of deposition energy. However, the actual changes of bond ratio were actually 2 % or less, which means that the bond ratio was practically not affected by the annealing. Considering the hardness is proportional to the sp 3 bond fraction in a ta-C film it is reasonable to predict that the hardness was seldom changed by the annealing. Therefore, the annealing
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Figure1: Residual stress variation before and Figure 2 : The sp 3 bond ratio variation after annealing.
before and after annealing Atomic Structure Analyses. To understand the effects of annealing on the mechanical properties of ta-C films, atomistic analyses have been performed. The atomistic analyses offer a statistical understanding of the atomic structure changes of the ta-C films. Fig. 3 showed the changes of atomic density of the ta-C films. The annealing causes the decrease of atomic density for all thin films. The degrees of decrease were 3.9 % for 50 eV film and 2.0 % for 300 eV film. Since the character of the stress in ta-C films is compressive the decrease of atomic density, which is equivalent to the increase of volume, could relax the stress field in the ta-C films. Since the volume increase of 3.94 % corresponds to the 1.57 % increase of average atomic distance the general trends of decreasing residual stress can be explained by the decrease of atomic density. Since the bonding nature of carbon is directional the analysis based on atomic density can only give limited information. To analyze more in detail, radial distribution function (RDF) was used, which is shown as inset in Fig. 4 . The RDF plot was obtained for films with 50 eV of deposition energy. Black and red solid lines correspond to the as-deposited and 1000 K annealed films, respectively. One can find a peak between the first and the second peak as marked by black arrow, which is referred to as a satellite peak [8] . And the character of the peak was turned out to be a bond approximate to 90 o between carbon atoms, which is believed to be a major reason for high residual stress in ta-C films.
Annealing of the film decreased the intensity of the peak, which implies that the highly distorted Solid State Phenomena Vols. 124-126 1687 carbon bonds were relaxed and rearranged to low energy configuration. To understand the variation of peak intensity in detail, we integrated the RDF curve centered on the satellite peak. The physical meaning of the integrated values is the number density of atoms with distance from carbon atoms that occupy the satellite position, which is shown in Fig. 4 . As can be seen from the figure, the annealing tends to decrease the atom number density around the satellite peak. However the extent of the decrease was different. The change of the number density with distance was larger for high stress films than those of low stress films, which is consistent with the tendency of the stress reduction that is shown in Fig. 1 . The major effect of the annealing is the decrease of the number density with distance from carbon atoms occupies the satellite position.
Conclusions
The change of mechanical properties of ta-C films by the annealing was studied by molecular dynamics simulation. In general the annealing tended to decrease the residual compressive stress of ta-C films. The effect of annealing affected mainly to the high stress films. The annealing caused the decrease of the atomic density of ta-C films, which was one reason for the reduction of the residual stress. The other effect of the annealing was that the relaxation of highly distorted carbon bonds, which was referred to as the satellite peak. The extent of the decrease of the highly distorted bond was substantial in the cases of highly stressed films. Since the simulation was limited to the fixed annealing temperature and small system size, larger system with different temperature is required to understand the effect of annealing comprehensively.
